Pharmacological evidence suggests that angiotenisn II type 1 (AT 1 ) receptors are involved in the regulation of cardiovascular response to emotional stress and reinforcing effect of dietary salt on this response. In this study, we examined the effect of genetic deletion of AT 1A receptors on the cardiovascular effects of stress and salt in mice. AT 1A receptor knockout (AT 1A À/À ) and wild-type (AT 1A +/+ ) mice were implanted with telemetry devices and placed on a normal (0.4%) or high (3.1%) salt diet (HSD).
INTRODUCTION
Increased cardiovascular reactivity to psycho-emotional stress is considered to be a risk factor for hypertension and heart disease. 1, 2 The regulation of cardiovascular reactivity is a complex phenomenon involving several transmitters and pathways at different levels of the central and peripheral nervous system. Recent pharmacological studies, however, indicate that the activation of angiotensin II type 1 (AT 1 ) receptors, and specifically those in the dorsomedial hypothalamus (DMH) and rostral ventrolateral medulla (RVLM), is required for full expression of sympathetic cardiovascular responses to various psychoemotional stressors in rats and rabbits. [3] [4] [5] [6] [7] Nonetheless, the effect of genetic deficiency of AT 1 receptors on cardiovascular reactivity to stress is yet to be determined.
Apart from aversive events, appetitive stimuli are capable of inducing a distinct, sympathetically mediated rise in blood pressure and heart rate in animals. 8, 9 Likewise, activated positive emotions, and in particular those initiated by personally relevant stimuli, are associated with increased blood pressure and heart rate in humans. In contrast to aversive events, these positive emotions are often linked to health protective responses. 10, 11 Intriguingly, our initial studies showed that AT 1 receptors seem to be less essential in modulating cardiovascular arousal associated with appetitive events, 12 indicating that these receptors could be a selective therapeutic target for stress-related cardiovascular disorders.
It is well established that high dietary salt can facilitate the cardiovascular response to emotional stress in genetically predisposed animals and humans. [13] [14] [15] Central AT 1 receptors have been implicated in this reinforcing effect of dietary salt on the stress response in saltsensitive rat models of hypertension. 16, 17 Conversely, the effect of dietary salt loading on cardiovascular arousal associated with appetitive behavior remains to be determined, as is the role of AT 1 receptors in this effect.
In this study, we examined the cardiovascular response to aversive and appetitive stimuli in genetically engineered mice lacking one of the two main isoforms of murine AT 1 receptor (AT 1A ). This receptor, which is pharmacologically indistinguishable from AT 1B receptor, has been shown to play a crucial role in the cardiovascular effects of angiotensin II. 18, 19 We also determined the effect of dietary salt loading on cardiovascular arousal caused by aversive and appetitive stimuli in these animals. We used a telemetry blood-pressure monitoring system to take into account the confounding influence of locomotion on blood pressure, 20, 21 which might mask or alter the effect of emotional arousal on cardiovascular function.
METHODS

General preparations
The experiments were carried out using 2-3-month-old male AT 1A receptor knockout (AT 1A À/À ) and wild-type (AT 1A +/+ ) mice in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. AT 1A À/À mice and their control strain were bred at the animal facilities of the Baker Heart Research Institute. Mice were originally obtained from Prof. T Walther (animal facilities of Charité, Berlin, Germany). F2 generation mice were produced from crosses of (129ÂC57BL/6J) F1 AT 1A À/+ parents. Mice were then maintained on a C57BL/6 background and genotyped using PCR analysis of DNA isolated from tail biopsies.
Under fluothane anesthesia, mice were implanted with TA11PA-C10 telemetry probes to measure blood pressure and locomotor activity (Data Sciences International, St Paul, MN, USA) as described elsewhere. 22 Each mouse was then housed individually. After a 1-week recovery period, mice were placed on a normal (0.4%) or high (3.1%) salt diet using the crossover design. Stress tests were conducted between 1100 and 1600 hours. Mice were maintained on a 12:12-h light-dark cycle (lights off at 1800 hours) with water and food ad libitum.
Measurement of BP, heart rate and locomotor activity
During the experiment, pulsatile arterial pressure and gross locomotor activity were monitored continuously, and were sampled at 1000 Hz using an analogto-digital data acquisition card, and the beat-to-beat mean arterial pressure (MAP) and heart rate (HR) were detected online and analyzed using a program written in Labview (National Instruments, Austin, TX, USA), as described earlier. 21 
Emotional stress and feeding tests
The restraint and feeding tests were conducted as described earlier. 21 Briefly, the restraint test consisted of placing a mouse in a well-ventilated plexiglass restrainer for 5 min with a sliding back plate to confine the mouse without applying physical pressure on it. Feeding was initiated by placing a piece of almond (B0.5 g) in the mouse home cage. The tests were randomized and separated by at least 1-h recovery periods to ensure full recovery of cardiovascular parameters.
Cardiovascular reactivity to locomotor activity
To calculate the reactivity index, average MAP, HR and locomotor activity values were calculated over 30-s intervals, and the activity score was logarithmically transformed to correct for positive skew. 20, 21, 23 For each mouse, leastsquares regression slopes for the relationships between MAP and activity, and HR and activity were calculated over 10-min periods (which included 5-min control and stress periods of 10 data points for each period) using GraphPad Prism (GraphPad Software, San Diego, CA, USA).
Statistical analysis
All values are expressed as mean±s.e.m. Data were analyzed by two-way analysis of variance (ANOVA) to determine the effects of AT 1A receptor deficiency and stress on cardiovascular parameters and locomotion. The relationships between cardiovascular reactivity and physical activity (regression slopes) were compared by analysis of covariance (ANCOVA) using GraphPad Prism. Statistical significance was set at a value of Po0.05.
RESULTS
Restraint stress
Resting pre-stress levels of MAP in AT 1A À/À mice were lower by 25±5 mm Hg than in AT 1A +/+ mice (Po0.001), whereas basal HR and locomotor activity did not differ between groups (Table 1) . Restraint stress caused prompt pressor (33 ± 3 mm Hg) and tachycardic (203±19 b.p.m.) responses in AT 1A +/+ mice ( Figure 1 ). There was also a moderate increase in locomotor activity (245 ± 78 AU), as animals typically tried to escape from the restrainer. The pressor response to restraint stress was attenuated by 40% in AT 1A À/À mice (20±3 mm Hg, P¼0.01). The tachycardic and locomotor responses to restraint stress were similar between AT 1A +/+ and AT 1A À/À mice ( Figure 1 ).
There was a correlation between MAP and locomotion in both AT 1A À/À mice (r¼0.35, Po0.001) and AT 1A +/+ mice (r¼0.51, Po0.001; Figure 1 ). Likewise, HR and locomotion were significantly correlated in both groups during the test (data not shown). MAP responsiveness to locomotion was not statistically different between AT 1A À/À mice (5.9 ± 1.0 mm Hg per log 10 AU) and AT 1A +/+ mice (8.2±1.0 mm Hg per log 10 AU). Similarly, HR responsiveness to locomotion did not differ between groups (data not shown).
Food presentation and feeding
Pre-feeding levels of MAP in AT 1A
À/À mice were lower by 24 ± 4 mm Hg than in AT 1A +/+ mice (Po0.001), whereas basal HR and locomotor activity did not differ between groups (Table 1) . There was no difference between corresponding basal parameters before feeding and restraint tests ( Table 1) .
The presentation and eating of palatable food (almond) in AT 1A +/+ mice elicited prompt behavioral arousal accompanied by pressor and tachycardic responses (26 ± 3 mm Hg and 113 ± 26 b.p.m., 
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À/À mice D Chen et al respectively; Figure 2 ). These responses were not altered in AT 1A À/À mice (25 ± 3 mm Hg and 99 ± 9 b.p.m., respectively), neither were locomotor responses (Figure 2 ).
There was a significant correlation between MAP and locomotion in both AT 1A À/À mice (r¼0.52, Po0.01) and AT 1A +/+ mice (r¼0.39, Po0.01) during the test (Figure 2 ). The responsiveness of MAP to locomotor activity was similar between AT 1A À/À and AT 1A +/+ mice (7.0 ± 0.8 and 5.6 ± 1.0 mm Hg per log 10 AU, respectively), as was HR responsiveness to locomotion (data not shown).
Effect of high salt intake on restraint stress response High salt intake increased resting pre-restraint values of MAP by 16 ± 6 mm Hg (P¼0.02) in AT 1A À/À mice and also tended to increase MAP by 7±4 mm Hg in AT 1A +/+ mice (Table 1) . Thus, on a high-salt diet, resting MAP in AT 1A À/À mice remained lower by 17±5 mm Hg than that in AT 1A +/+ mice (Po0.01). Conversely, high salt intake caused little changes in pre-stress values of HR and locomotor activity, which were thus not different between groups (Table 1) .
Under conditions of high salt intake, the pressor response to restraint stress in AT 1A À/À mice (30 ± 3 mm Hg) was significantly increased (P¼0.03) in comparison with that on normal salt intake (20 ± 3 mm Hg; Figure 1 ), and was no longer different from that in AT 1A +/+ mice (28 ± 3 mm Hg; Figure 3) . Likewise, the stress-induced tachycardia and locomotor activation did not differ between groups (Figure 3 ).
There was a significant correlation between MAP and locomotion in both AT 1A À/À mice (r¼0.31, Po0.01) and AT 1A +/+ mice (r¼0.28, P¼0.017) during the test. The AT 1A À/À and AT 1A +/+ mice had a similar responsiveness of MAP to locomotor activity (4.2 ± 1.1 and 4.9 ± 2.0 mm Hg per log 10 AU, respectively) during the test (Figure 3) . +/+ mice (2±4 mm Hg; Table 1 ). Thus, on a high-salt diet, resting MAP in AT 1A À/À mice remained lower by 14 ± 5 mm Hg than that in AT 1A +/+ mice (P¼0.01). High salt intake did not affect pre-feeding values of HR and locomotor activity, which were thus not different between groups (Table 1) .
Under conditions of high salt intake, food presentation and feeding were accompanied by similar increases in MAP in AT 1A +/+ and AT 1A À/À mice (27 ± 3 and 25 ± 2 mm Hg, respectively; Figure 4 ). These responses were very similar to those on normal salt intake (26 ± 3 and 25±3 mm Hg, respectively; Figure 2) . Likewise, the HR responses to feeding in AT 1A +/+ and AT 1A À/À mice (131±17 and 134 ± 23 b.p.m., respectively; Figure 4) were not different from those on normal salt intake ( Figure 2 ).
There was a significant correlation between MAP and locomotion in AT 1A
À/À mice (r¼0.51, Po0.001), but not in AT 1A +/+ mice (r¼0.16, NS) during the test (Figure 4) . The responsiveness of MAP to locomotor activity in AT 1A À/À mice on a high-salt diet (5.6 ± 0.8 mm Hg per log 10 AU) was similar to that on normal salt intake (7.0 ± 0.8 mm Hg per log 10 AU).
DISCUSSION
This study shows for the first time that targeted deletion of the AT 1A receptor gene in mice leads to an attenuation in the pressor response to negative emotional stress. Conversely, AT 1A receptor deficiency has little effect on cardiovascular arousal induced by appetitive events, such as presentation and eating palatable food. Another new finding of this study is that AT 1A receptor deficiency might promote the sensitivity of blood pressure to synergistic effects of dietary salt and stress. Finally, we report for the first time that there is little interaction 
Stress response
Pharmacological evidence indicates that AT 1 receptors are crucially involved in regulating the cardiovascular response to negative emotional stress. 5, 6 In particular, it has been shown that central or systemic administration of AT 1 receptor antagonists attenuated the increase in blood pressure and plasma catecholamine levels caused by several psycho-and physico-emotional stressors in rats and rabbits. 12, [24] [25] [26] Our data extend these findings by showing that targeted deletion of the AT 1A receptor gene selectively attenuates the pressor response to stress in mice. Taken together, the above pharmacological and functional genomic studies strongly suggest that AT 1 receptors, and specifically AT 1A subtype for murines, are required for full expression of the cardiovascular component of fight-or-flight response.
The precise mechanisms that underlie the attenuation of the pressor response to restraint stress in AT 1A À/À mice are yet to be fully clarified. Little effect of AT 1A receptor knockout on the pressor response to feeding suggests that the reduction in cardiovascular reactivity could not simply be attributed to changes in basal levels of blood pressure. Given that locomotor activity is an independent determinant of cardiovascular arousal, 20, 23 another possibility would be that this attenuation was because of a diminished responsiveness to locomotion during stress. However, AT 1A À/À and AT 1A +/+ mice have a similar pressor response to a given increase in locomotor activity. Thus, also considering a weak correlation between locomotion and blood pressure during the test, it seems unlikely that the decrease in cardiovascular reactivity in AT 1A À/À mice was crucially influenced by locomotion.
It is known that circulating angiotensin II, production of which rapidly increases in response to stress, 27 can influence cardiovascular reactivity at the peripheral vascular level by facilitating catecholamine synthesis and release, and/or increasing vascular reactivity to noradrenaline. 28, 29 Hence, AT 1A receptor deficiency in our study could attenuate the vascular responsiveness to noradrenaline and possibly other circulating stress mediators. Earlier reports, however, suggested that AT 1A -receptor gene knockout does not alter the isolated carotid artery responses to several vasoconstrictor agents, including a-adrenoceptor agonist phenylephrine, thromboxane A2 agonist U46619, serotonin and KCl. 30 Perhaps more importantly, cardiovascular arousal caused by feeding was not altered in our AT 1A À/À mice, further indicating that vascular responsiveness to central pressor stimuli remained essentially intact in these animals. Therefore, it seems unlikely that the decrease in cardiovascular reactivity in AT 1A À/À mice was principally mediated by changes in the vascular contractile response to stress-induced sympathetic stimulation.
It is thus conceivable that a disrupted CNS regulation of autonomic outputs to the periphery might underlie the reduction in cardiovascular reactivity in AT 1A À/À mice. Our preliminary data showing that aversive (cage-switch) stress-induced expression of a marker of neuronal activation c-Fos protein is attenuated in the DMH and RVLM of AT 1A À/À mice by 58 and 42%, respectively, 31 are in accord with this notion. Earlier pharmacological studies showing that AT 1 receptors in the DMH and RVLM are required for full expression of the pressor response to aversive (air-jet) stress in rabbits 12, 26 further support this possibility.
Food presentation and feeding
It is well established that not only aversive, but also appetitive stimuli are capable of inducing a distinct, sympathetically mediated rise in blood pressure in both animals and human participants. [8] [9] [10] In particular, food presentation and feeding are normally accompanied in animals by marked increases in blood pressure and heart rate. 8, 12, 21 This feeding-associated arousal is initiated by the activation of descending inputs from higher CNS rather than viscero-sympathetic reflexes because of food intake. 32, 33 In this study, presentation and eating palatable food elicited distinct pressor and tachycardic responses, which, in wild-type animals, were of similar magnitude to those caused by aversive stimuli. Likewise, we have recently shown that mild aversive (air-jet) and appetitive (straw) stimuli induced very similar cardiovascular arousal in normal rabbits. 12 It is intriguing that in contrast to aversive stress, the pressor response to presentation and eating palatable food (almond) was not altered in AT 1A À/À mice. This finding indicates that AT 1A -receptor gene deficiency does not affect cardiovascular correlates of normal feeding behavior, which is regarded as appetitive or positively motivated. 34 These results are in accord with our recent observation that Ren-1 c enhancer knockout mice have an attenuated response to restraint and shaker stress, but not to feeding. 21 Thus, in relation to cardiovascular reactivity, AT 1A
À/À mice and Ren-1 c enhancer knockout mice show essentially the same phenotype. This observation indicates that the above phenotypes might specifically relate to the dysregulated renin-angiotensin system, and not to the activation of genetic compensatory mechanisms or disruption of neighboring gene expression. In line with this possibility, we earlier reported that pharmacological blockade of AT 1 receptors in the DMH (a region crucial for the regulation of autonomic cardiovascular arousal) decreased the pressor response to air-jet stress, but not food presentation and feeding in rabbits. 12 Collectively, these data suggest that, with respect to cardiovascular arousal, the brain-angiotensin II system might be primarily involved in regulating the fight-or-flight response, making it a potential therapeutic target for selective attenuation of cardiovascular hyperreactivity to aversive stress.
Effect of high salt intake on stress response Evidence indicates that high salt intake can reinforce the pressor effect of emotional stress in genetically predisposed animals or human subjects. [13] [14] [15] Brain AT 1 receptors are likely to play a crucial role in this synergistic effect of salt and stress, because the enhanced pressor and sympathetic responses to air-jet stress could be prevented by central blockade of these receptors in several salt-sensitive animal models, including spontaneously hypertensive and Dahl salt-sensitive rats. 16, 17 Importantly, the same treatment regimen had no effect on the stress response in Dahl salt-resistant rats, 17 indicating that the aforementioned synergistic effect could be attributed to the salt-induced hyperactivity of central AT 1 receptors in susceptible animals.
In this study, a high-salt diet facilitated the pressor response to aversive stress in AT 1A À/À , but not AT 1A +/+ mice. It is unlikely that this disparity was mediated by the salt-induced change in basal blood pressure and/or vascular reactivity, because the pressor response to feeding was not altered in AT 1A À/À mice on high salt intake. It is therefore conceivable that the increase in cardiovascular reactivity in these animals primarily reflected a central synergistic interaction between acute stress and salt. Thus, apart from AT 1 receptor hyperactivity, 16, 17 genetic deficiency of this receptor might increase the sensitivity of blood pressure to synergistic effects of salt and stress. Further research will be necessary to identify the precise mechanisms that underlie the interplay between the functional state of AT 1 receptor and synergistic effect of salt and stress on blood pressure.
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À/À mice D Chen et al Effect of high salt intake on response to feeding An intriguing new finding of this study is that the salt-induced increase in blood pressure reactivity to negative stress in AT 1A À/À mice was not accompanied by a rise in cardiovascular arousal associated with appetitive feeding behavior. This finding indicates that central pressor mechanisms that control feeding-associated arousal are not only independent of AT 1A receptors, but also resistant, at least under experimental conditions, to dietary salt loading. Further research is necessary to identify the chemical nature of these mechanisms.
In summary, these results indicate that genetic deficiency of AT 1A receptor in mice leads to an attenuated pressor response to negative emotional stress, but not cardiovascular arousal caused by appetitive feeding behavior. The reduction in stress reactivity in AT 1A À/À mice seems not to relate to altered locomotion or vascular contractile responsiveness to central pressor stimuli. Our results also indicate that AT 1A receptor deficiency is an important factor for the saltinduced augmentation of cardiovascular stress responses. Conversely, there is little relation between the AT 1A receptor, excess dietary sodium and cardiovascular arousal associated with feeding. These results might have clinical implications as they suggest that AT 1 receptors could be a selective therapeutic target for preventing detrimental synergistic effects of salt and stress on the cardiovascular system.
